Metabolism of 50 herbicides and 7 other chemicals with different structures and modes of action was examined in the microsomes from the recombinant yeast strains expressing each of 11 human P450 species. Of these, 27 herbicides and 6 other chemicals were mainly metabolized by CYP1A1, CYP1A2, CYP2B6, CYP2C9, CYP2C 18, CYP2C 19, CYP2D6 and CYP3A4. The metabolites of atrazine (AT), chlortoluron (CT), fenitrothion (FT), methoxychior (MXC), pyributicarb (PC), simazine (SZ) and simetryn (ST) were identified by co-chromatography with the authentic standards as well as LC/MS and GC/MS of their derivatives. Based on these results, three major P450 species CYP1A1, CYP2B6 and CYP2C19 in different families and subfamilies were selected and then co-expressed in the transgenic potato plant T1977, which showed cross-tolerance toward the herbicides acetochlor (AC), AT, CT, methabenzthiazuron (MT), metolachlor (MC), norflurazon (NR) and PC. ' The T1977 plant showed a higher activity in the metabolism of each of [14C] CT, [14C] AT, [14C] PC and [14C] MXC than the control. In T1977, [14C] PC was almost completely metabolized to m-tent-butylphenol(BP), 0-demethylated PC (DMPC), hydroxylated BP (BPOH) and unknown metabolites. Also, [14C] MXC was rapidly metabolized in T1977 through 0-demethylation to yield mono-demethylated and di-demethylated metabolites, which were mainly deposited as glucosides in the plants. These results strongly suggested that three P450 species expressed in T1977 coordinately functioned and actively metabolized the herbicides and the insecticide. The transgenic plants expressed human P450 species metabolizing xenobiotics seem to be useful for generation of transgenic crops with low pesticide residues as well as for phytoremediation of pesticide residues.
INTRODUCTION
Cytochrome P450 (P450 or CYP) monooxygenases play an important role in oxidative reactions of endogenous and exogenous lipophilic compounds in higher plants. Estimates from the genome project of Arabidopsis thaliana revealed that the number of P450 genes is almost 300. Over 400 P450 sequences were currently known in higher plants, but the physiological functions for only about 30 genes have been identified. 2 These P450 species were mostly related to the biosynthesis of sterols, fatty acids, phenylpropanoids, terpenoids and alkaloids including glucosinolates, salicylic acid, jasmonic acid, brassinosteroids and gibberellic acids. 3 In addition, the P450 species metabolizing herbicides were identified as CYP71 A 10, 4 CYP71A1 1, 5 CYP71 B 1, 6 CYP73Al. CYP76B1, 8 CYP81B19 and CYP81B2. 5 On the other hand, it is well known that a number of P450 species in mammalian livers are involved in the metabolism of xenobiotics. These P450 species showed a broad and overlapping substrate-specificity each other toward xenobiotics including herbicides. It was reported that eleven P450 species (CYP 1 A 1, CYP 1 A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C 18, CYP2C 19, CYP2D6, CYP2E 1 and CYP3A4) covered more than 90% of P450-dependent drug metabolism in human livers. 10 Therefore, it was thought that expression of a human P450 species selected for metabolism of particular herbicides enhanced herbicide selectivity and resistance in plants. " The transgenic tobacco plants expressing the fused enzyme between rat CYP 1 A 1 and yeast NADPHcytochrome P450 oxidoreductase (YR) showed CT tolerance. l2 The tolerance to CT of the plants was due to the enhancement in N-demethylation and ring-methyl hydroxylation of CT. 13"4) In addition, the transgenic potato plants expressing human CYP 1 A 1 showed crosstolerance toward CT, AT and pyriminobac-methyl (PM). 5 In this study, we examined in vitro metabolism of herbicides and other chemicals in 11 human P450 species, and analysis of metabolites produced by P450 species. Based on the results, major P450 species metabolizing herbicides and other chemicals were selected and then expressed in potato plants. The metabolism of herbicides and other chemicals selected was examined for the transgenic potato plants co-expressing human CYP 1 A 1, CYP2B6 and CYP2C 19. The previous study revealed that expression of these three human P450 species conferred distinct cross-tolerance toward the herbicides AC, AT, CT, MT, MC, NR and PC. 1 Therefore, the metabolism of herbicides and other chemicals in the transgenic plants co-expressing these three P450 species was discussed for design of transgenic plants resistant to herbicides as well as for phytoremediation.
MATERIALS AND METHODS

Chemicals
Following chemicals were purchased from Riedel-de Haen AG (Seelze, Germany); acetochlor (2-chloro-N-(ethoxymethyl)-N- (2-ethyl-6-methylphenyl) acetamide; AC), alachlor (2-chloro-N-(2, 6-dethylphenyl)-N-(methoxymethyl) acetamide; AL), atrazine (6-chloro-Nethyl-N'-( 1 -methylethyl)-1, 3, 5-triazine-2, 4-diamine; AT), azinphos-methyl (0, 0-dimethyl S-[(4-oxo-1, 2, 3benzotriazin-3(4H)-yl)methyl] phosphorodithioate; AM), benfuresate ( 
-2, 6-dimethoxybenzamide), mefenacet (2-(2-benzothiazolyloxy)-N-methyl-Nphenylacetamide; MF), methabenzthiazuron (N-2-benzothiazolyl-N, N'-dimethylurea; MT), methoxychlor (1, 1'-(2, 2, 2-trichloroethylidenen)bis [4-methoxybenzene] ; MXC), metolachlor (2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-l -methylethyl) acetamide; MC), 4-nonylphenol (This is the mixture containing three major isomers 2-(4-hydroxyphenyl)-nonane, 3-(4hydroxyphenyl)-nonane and 4-(4-hydroxyphenyl)nonane. ; NP), 4-n-nonylphenol (4-nonyl-hydroxybenzene; nNP), norflurazon (4- 
ethyl] benzoate; PM), quinclorac (3, 7- 
In Vitro Metabolism in 11 Human P450 Species
Herbicides and other chemicals were each incubated in a reaction mixture (100 l) including 0. 1 M potassium phosphate buffer (pH7. 4), 5 mM glucose 6-phosphate, 0. 1 U glucose 6-phosphate dehydrogenase, 0. 5 mM NADPH and a 25 pmol P450 species of the microsomes from the yeast Saccharomyces cerevisiae expressing each of 11 human P450 species (CYP 1 A 1, CYP 1 A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C 18, CYP2C 19, CYP2D6, CYP2E1 and CYP3A4)(Sumika Chemical Analysis Service, Osaka, Japan). After incubation at 3TC for 1 hour, a parent compound and its metabolites were extracted with a mixture of 12. 5 j 1 acetic acid and 200 u 1 ethyl acetate. Residues dried under vacuum conditions were dissolved in 20, u1 of 90% methanol and subjected to a high-performance liquid chromatography (HPLC; Model L-7100, Hitachi, Tokyo, Japan) or a liquid chromatography/mass spectrometry (APCI-LC/ MS; Model M-8000T, Hitachi, Tokyo, Japan). HPLC conditions used were described in Table 1 . In metabolism of several herbicides, an equal volume of acetonitrile was added to the reaction mixture for extraction of metabolites. After centrifugation, the supernatant was directly subjected to HPLC or LC/MS. The percentages of metabolism of herbicides and other chemicals were described as a proportion of the total amount of P450-dependent metabolites or a decreased amount of a parent in the total parent compound.
Plant Materials
Potato (Solarium tuberosum cv. MayQueen) and the transgenic potato plants T l977 co-expressing human CYP 1 A 1, CYP2B6 and CYP2C 19, 51965 expressing human CYP 1 A 1, 51972 expressing human CYP2B6 and 51974 expressing human CYP2C 19, which were described in the previous report, l) were each aseptically grown in glass tubes under fluorescent light (16h of light) at 20°C prior to a metabolism study. [14C] PC and its metabolites were extracted with a mixture of methanol and water (7 : 3, v/v). 16) After shaking for 30 minutes, solutions were filtrated, and residues were washed with methanol. Total extracts were dried and dissolved again in a mixture of methanol and water (7 : 3, v/v). Silica gel TLC plates (60F254; Merck, Darmstadt, Germany) and solvent systems; a mixture of benzene and ethyl acetate (9: 1, v/v) for extracts from plants, and a mixture of benzene, ethyl acetate and methanol (6 : 3 : 1, v/v/v) for extracts from medium, were used for TLC analysis. [14C] MXC was extracted from whole plants with a mixture of acetone and water (8 : 2, v/v). After shaking for 30 min at a room temperature, extracts were filtered, and residues were washed with the 80% acetone. The dried residues were dissolved in 90% methanol and analyzed by TLC on silica gel 60F254 plates with a solvent system of chloroform and acetone (8 : 2, v/v) as described previously with a slight modification. 17) Radioactivity was measured in a FLA-2000 Bio Imaging Analyzer (Fuji Photo Film Co. Ltd., Tokyo, Japan).
RESULTS
In Vitro Metabolism of Herbicides and Other
Chemicals in 11 Human P450 Species Metabolism of 50 herbicides and 7 other chemicals with different structures and modes of action in the recombinant yeast microsomes expressing each of 11 human P450 species was examined. The results are listed in Table 1 . Most of the chemicals examined were not significantly metabolized in the control yeast microsomes without human P450 species. However, in EC, PF and. QE metabolism some metabolites were found in the control. The values described in Tables 1  and 2 indicate the percentage of the metabolites produced P450-dependently in the microsomes expressing P450 species. Of these chemicals, 27 herbicides were found to be metabolized mainly by CYP 1 A 1, CYP 1 A2, CYP2B6, CYP2C9, CYP2C 18, CYP2C 19, CYP2D6 and CYP3A4. However, 23 herbicides acifluorfen, alloxydim, bentazone, bifenox, bromacil, clomazone, cyhalofop-butyl, diclofop-methyl, diflufenican, dithiopyr, fluazifop-butyl, fluoroglycofen-ethyl, flupyrsulfuronmethyl, fluroxypyr, metribuzin, metsulfuron-methyl, nicosulfuron, oxadiazon, oxyfluorfen, pyrazosulfuron-ethyl, rimsulfuron, sulfometuron-methyl and tralkoxydim were not metabolized by the P450 species examined or metabolized to a extent of less than 5% of the total substrate added.
The sulfonylurea herbicides chlorsulfuron (CS), imazosulfuron (IS) and triasulfuron (TS) were specifically metabolized by CYP2C9, although the percentage of metabolism was a small extent. PM was well metabolized by CYP1A1, CYP2C18 and CYP2C19.
The phenylurea herbicides CT, diuron (DU) and MT, were mainly metabolized by CYP 1 A 1 and CYP 1 A2 to a large extent. DU was also metabolized by CYP2C9 and CYP2C 18. It was reported that 14C-labeled CT was metabolized through N-demethylation and ring-methyl hydroxylation in human CYP3A4. 18 However, CT was not metabolized by CYP3A4 in the present study. It was also reported that soybean CYP71 A 10 metabolized the phenylurea herbicides fluometuron, linuron, CT and DU. 4
The 1, 3, 5-triazine herbicides AT, SZ and ST were mainly metabolized by CYP 1 A 1, CYP 1 A2 and CYP2C 19. Particularly, AT was found to be appreciably metabolized by human P450 species such as CYP 1 A 1, CYP 1 A2, CYP2C 19 and CYP2D6 although rat P450 species such as CYP2B2, CYP2C11, CYP2D1 and CYP2E1 were reported to be related to AT metabolism. 19) The 2-(4-aryloxyphenoxy) propionic acid herbicide quizalofop-ethyl (QE) was well metabolized by CYP 1 A 1, although cyhalofop-butyl, diclofop-methyl and fluazifop-butyl with similar chemical structures were not metabolized. However, McFadden et al. reported that diclofop was metabolized by wheat P450 species through aryl hydroxylation. 20> NR inhibiting carotenoid biosynthesis was found to be mainly metabolized by CYP 1 A 1, CYP 1 A2 and CYP2C 19 to two independent metabolites. The chloroacetanilide herbicides AC, AL and MC were mainly metabolized by CYP2B6, CYP2C 18, CYP2C 19 and CYP3A4. Among these P450 species, CYP3A4 seemed to be the main P450 species related to AL metabolism in vivo since the content of CYP3A4 in human liver was higher than those of CYP2B6 and CYP2C 18. 10 Benfuresate (BS) was metabolized by 9 P450 species tested, and esprocarb (EC) was well metabolized by CYP 1 A2, CYP2B6, CYP2C 19 and CYP3A4. Ethofumesate (ES) was metabolized by CYP2B6 and CYP2C 19. Isoxaben and mefenacet (MF) were moderately metabolized by several P450 species. Pyrazoxyfen (PF), quinclorac and trifluralin were metabolized to a small extent.
PC was specifically metabolized by CYP2C19. However, on metabolism of [14C] PC, CYP2C 19 as well as CYP 1 A 1 and CYP2B6 were found to metabolize it to give BP (data not shown). Table 2 shows metabolism of insecticides and industrial chemicals in 11 human P450 species. The organophosphorus insecticides azinphos-methyl (AM) and FT were metabolized to a certain extent. Carbaryl (CR) was metabolized by CYP 1 A 1, CYP 1 A2, CYP2B6 and CYP2C 19 to give two metabolites. The CYP2C 19 extensively metabolized MXC, although CYP 1 A2, CYP2C9 and CYP2C18 moderately metabolized it. 4-Nonylphenol (NP) including plural isomers with branched chains was metabolized by CYP2B6 and CYP2C 19 although 4-n-nonylphenol (nNP) was metabolized by CYP 1 A2, CYP2B6 and CYP2C 19. Based on these results, it was found that each of 11 P450 species in human livers metabolized a number of chemicals with different structures, and some chemicals were metabolized through the same reactions with a number of P450 species in different families and subfamilies.
Analysis of Metabolites of Herbicides and Other
Chemicals The metabolites of 19 herbicides, 4 insecticides and 2 industrial chemicals were analyzed by APCI-LC/MS. Among them, the structures of a number of metabolites were estimated and/or identified. The main metabolite of CS in CYP2C9 was estimated to be a hydroxylated compound with the molecular ion at m/z 375 (MH+) and the fragment ion at m/z 141 based on LC/MS analysis. However, the metabolite was not identical to 5-hydroxy-CS by HPLC co-chromatography with the authentic standard. 5-Hydroxy-CS was reported to be produced in wheat treated with each of phenobarbital, ethanol and naphthalic anhydride, 21 but not to be the major one in goat and rat. 22> Therefore, the present metabolite may be a hydroxylated compound at the 3-position of phenyl ring because of the orientation effects of Cl-and S02-group. The main metabolite of IS in CYP2C9 was estimated to be a hydroxylated IS at the imidazopyridine ring based on LC/MS analysis, although IS was reported to be metabolized mainly through 0-demethylation and cleavage of the sulfonylurea bond in rat, 23 pea and soybean. 24 The metabolite of TS in CYP2C9 was also estimated to be hydroxylated at the phenyl ring based on LC/MS analysis. TS was reported to be metabolized in the microsomal fractions from maize treated with naphthalic anhydride and TS, and from maize treated with phenobarbital, ethanol and naphthalic anhydride through 5-hydroxylation of the phenyl ring. 21, 25> On the other hand, the microsomes from rat livers catalyzed 0-dealkylation, 5-hydroxylation and so on. 26 Based on LC/MS analysis of PM metabolites, the main metabolite by CYP 1 A 1 was estimated to be a hydroxylated one with the molecular ion at m/z 378 (MH+), while the metabolite by CYP2C 19 was a 0-demethylated one of the methoxy group of pyridine ring or the methox-yimino group because of the molecular ion at m/z 348 (MH+). It was reported that metabolism of PM in the primary cultured hepatocytes of rats and mice suggested that 5-hydroxylation of the pyrimidine ring and 0demethylation at the pyrimidine ring were major metabolic reactions. 27 In the present study, CYPIAI, CYP1A2, CYP2C8 and CYP3A4 seemed to be related to pyrimidine ring-5-hydroxylation, and CYP2C8, CYP2C9, CYP2C 18 and CYP2C 19 were related to 0-demethylation at the pyrimidine ring, since the metabolite of CYP1A2, CYP2C8 and CYP3A4, and CYP2C8, CYP2C9 and CYP2C 18 showed almost the same retention time as the metabolite of CYP 1 A 1 and CYP2C 19, respectively.
Two metabolites of DU in CYP 1 A 1 were estimated to be N-demethylated DU with the molecular ion at m/z 218 (MH-) and the fragment ion at m/z 161 and Ndemethylated ring-hydroxylated DU with the molecular ion at m/z 234 (MH-) and the fragment ions at m/z 218 and 177. In addition, CYP1A2, CYP2C9 and CYP2D6 seemed to have metabolized to yield Ndemethylated ring-hydroxylated DU, while CYP2C 18 and CYP2C 19 metabolized to give N-demethylated DU, since the retention times of these metabolites in CYP 1 A 1 by HPLC analysis were the same as those of other P450 species.
Three different structures of metabolites of QE in CYP 1 A 1 were presumed to be quizalofop with the molecular ion at m/z 345 (MH+), quinoxaline ring hydroxylated QE with the molecular ion at m/z 389 (MH+) and quinoxaline ring hydroxylated quizalofop with the molecular ion at m/z 361 (MH+) based on the LC/MS analysis, although QE was hydrolyzed even in the control microsomes.
NR was found to be metabolized by CYP2C 19 to give two N-demethylated NR metabolites both with the molecular ion at m/z 289 (MH-) and the fragment ions at m/z 219 and 186, resulting in loss of phytotoxicity as reported. 28> It was reported that NR was also metabolized through N-demethylation on in vivo metabolism in rats. 29 In addition, NR seemed to be metabolized to these metabolites by CYP 1 A 1 and CYP 1 A2 because of the same retention in HPLC analysis.
AL was presumed to be metabolized by CYP2B6 through N-demethoxymethylation with the molecular ion at m/z 226 (MH+) in LC/MS analysis, while CYP3A4 produced other metabolites.
The Ndemethoxymethylated metabolite was also seemed to be detected in CYP2C 18, because of the same retention time in HPLC as that in CYP2B6. Feng et al. reported that AL was metabolized in the microsomal fractions of rats, mice and monkeys through 0-demethylation to produce a N-demethoxymethylated product because of instability of the intermediate metabolite 0-demethylated AL. 3o In the present study, human CYP2B6 and CYP2C18 appeared to metabolize AL probably through these two metabolic reactions. The major metabolite of MC with CYP2C 19 was also estimated to be a 0-demethylated one based on LC/MS analysis with the molecular ion at m/z 270 (MH+) together with its characteristic fragment ions at m/z 252 and m/z 234. It was reported that rat liver microsomes catalyzed 0-demethylation on the N-(2-methoxy-l-methylethyl) side chain of MC. 31) In the present study, 0-demethylated MC detected in CYP2B6 was also suggested to be formed in CYP2C 18 and CYP2C 19 because of the same retention time in HPLC analysis.
It was reported that the metabolites of BS and ES seem to be the lactone ring-hydroxylated and 0-deethylated compounds, respectively. 32, 33 In the present study, the BS and ES metabolites with CYP2C 19 were presumed to be hydroxylated BS at the lactone ring and 0-deethylated ES, respectively, since LC/MS analysis of BS and ES metabolites showed the molecular ions at m/z 271 (MH-) and 257 (MH-) and the fragment ions at m/z 93 and 79, respectively. CYP 1 A 1 and CYP 1 A2 may metabolize BS to produce a hydroxylated BS, while CYP 1 A 1 and CYP2B6 may metabolize ES to yield a 0-deethylated ES because of the same retention time of these metabolites. The present study revealed for the first time that EC in CYP2C 19 and PF in CYP 1 A 1 were metabolized to give two hydroxylated EC and one hydroxylated PF, respectively, since LC/MS analysis showed the molecular ions of two EC metabolites at m/z 282 (MH+), and the fragment ions at m/z 158 and 108. These metabolites were also detected in CYP 1 A 1, CYP1A2, CYP2B6 and CYP3A4. The PF metabolite showed the molecular ion at m/z 420 (MW) in positive ion mode and the fragment ion at m/z 299 in negative ion mode. This metabolite was also detected in CYP3A4. This study also for the first time indicated that the LC/MS analysis of three MF metabolites showed the molecular ions at m/z 315 (MH+), 285 (MH+) and 301 (MH+), and the fragment ions at m/z 209, 192 and 79, respectively, suggesting that MF was metabolized through hydroxylation of the benzothiazol moiety, N-demethylation and both in CYP2C 19. The hydroxylated MF was also detected in CYP 1 A 1 and CYP 1 A2, while N-demethylated MF was detected in CYP2B6.
Some of the metabolites of the herbicides AT, SZ, ST, CT and PC, and the insecticides FT and MXC were identified by HPLC and/or TLC co-chromatography with the authentic standards. AT was metabolized by CYP 1 A 1 to give two or three metabolites which were each identified as DI and DE by HPLC cochromatography with the authentic standards. The other P450 species metabolizing AT showed the metabolite with the same retention time as that in CYP 1 A 1. One of two SZ metabolites in CYP 1 A 1 was identified as N-deethylated SZ by HPLC cochromatography with the authentic compound. It was reported that rat CYP 1 A 1, CYP 1 A2, C YP2B 1 and CYP2B2 metabolized AT and SZ through Nmonodealkylation. 34 Also, the liver microsomes of human, rat and mouse metabolized AT to give the deethylated and the deisopropylated metabolites. 35, 36 The SZ metabolism through N-deethylation was also reported. 37 One ST metabolite with CYP 1 A 1 was also identified by HPLC co-chromatography with the authentic standard of N-deethylated hydroxy-ST, although no reports were published for ST metabolism. This metabolite was also detected in CYP1A2, CYP2C9 and CYP2C 19. The other ST metabolite was presumed to be N-deethylated ST which was also detected in CYP1A2, CYP2C8, CYP2C9, CYP2C18 and CYP2C 19. A unknown ST metabolite was detected besides CYP2C8. Based on these results, the triazine herbicides were found to be metabolized mainly through N-dealkylation by the P450 species.
CT was metabolized by CYP 1 A 1 to yield four kinds of metabolites which were identified as DMOH, OH, DDM and DM by HPLC co-chromatography with the authentic standards. Based on TLC co-chromatography with the authentic standards, the PC metabolites BP, DMPC and BPOH were found to be produced by CYP2C 19, but it was unclear whether formation of BPOH from BP was P450-dependent, since further metabolism of BP was not examined. The CYP 1 A 1 and CYP2B6 also metabolized PC to BP, but not to DMPC and BPOH.
The AM metabolite showed the molecular ion at m/z 302 (MH+) and the characteristic fragment ions at m/z 160 and 133. Therefore, the AM metabolite in CYP2C8 was estimated to be an AMoxon which was also detected in rat liver homogenates. 38 CYPIAI and CYP2C18 also metabolized AM to the metabolite with the same retention time as AMoxon. It was reported that in in vivo metabolism of CR by CR-resistant western corn rootworm, P450 species were responsible for the formation of hydroxy CR and naphthyl acetamide. 39> The present study revealed that both two metabolites of CR in CYP 1 A 1 seemed to be hydroxylated on the aromatic ring at different positions, since both metabolites showed the same molecular ion at m/z 218 (MH+) and the same characteristic fragment ion at m/z 161, as with ringhydroxylated CR. Both metabolites were also detected in CYP1A2, CYP2B6 and CYP2C19.
One of the two metabolites of FT in CYP2B6 was identified as fenitrooxon by HPLC co-chromatography with the authentic standard, although it was reported that mouse P450 species metabolized FT to yield fenitrooxon and 3-methyl-4-nitrophenol. 4o
The two MXC metabolites in CYP2C 19 showed fragment ions at m/z 214 and 200 in LC/MS analysis, but the molecular ions of these metabolites were not detected as with that of MXC. Furthermore, the trimethylsilylated two MXC metabolites showed the molecular and fragment ions at m/z 404 (MW) and m/z 285, and m/z 463 (MW) and m/z 343 in GC/MS analysis, respectively. In addition, two MXC metabolites methylated with diazomethane showed the same retention time as that of MXC. Based on these results, the MXC metabolites were found to be mono-demethylated MXC (MDM) and di-demethylated MXC (DDM).
Both metabolites were also detected in CYP2C 18, although the other P450 species metabolizing MXC seemed to metabolize it through mono-demethylation.
It was reported that MXC was metabolized to not only MDM and DDM, but also the ring-hydroxylated metabolites in the human and rat liver microsomes treated with phenobarbital. '' However, in this study, the ring-hydroxylated metabolites were not detected.
Also, the production of these metabolites was found to be catalyzed by CYP3A4 which required a phenolic hydroxyl group for aromatic hydroxylation. 41, 4z Incubation of [14C] NP with the hepatic microsomes of the rainbow trout showed P450dependent hydroxylation of alkyl side chain at the C-8 position. 43 However, Coldham et al. reported that NP was metabolized to give the ring-hydroxylated and the alkyl side chain hydroxylated products and its conjugations with glucuronic acid or sulfate. 44 On the other hand, it was reported that rat CYP2B2 homologous to human CYP2B6 was responsible for NP metabolism probably through hydroxylation in the C-8 position on the nonane chain. 45> In this study, the NP and nNP metabolites in CYP2B6 showed the molecular ion at m/ z 235 (MH-) in LC/MS analysis. Also, the trimethylsilylated nNP metabolite showed the molecular and fragment ions at m/z 381 (MH+) and 267 in GC/MS analysis. These results suggested that NP and nNP seemed to be metabolized through hydroxylation of ring or nonane chain and ring or C-1 position, respectively. CYP1A2 and CYP2C 19 also metabolized NP and/or nNP to yield hydroxylated ones because of the same retention time in HPLC. From these results, it was found that several of 11 human P450 species in different families and subfamilies catalyzed the same reactions towards certain chemicals on the metabolism by multiple P450 species. These metabolic reactions were mainly 0-or N-dealkylation and ring hydroxylation (Fig. 1 ).
Comparative Metabolism of [14 C ] CT, [14 C ] A T, [14C] PC and [14C] MXC in Transgenic Potato Plants Metabolism of the herbicides [14C] CT, [14C] AT and
[14C] PC, and the insecticide [14C] MXC was examined in the transgenic potato plants T l977 co-expressing human CYP1A1, CYP2B6 and CYP2C19, S1965 expressing human CYP 1 A 1, S1972 expressing human CYP2B6 and S l974 expressing human CYP2C 19. On the metabolism of [14C] CT, the amount of CT remained in the control, T l977 and S1965 plants was 8. 5, 1. 0 and 1. 3 nmol/plant/ 12h, respectively, although in S l972 and S l974, CT was more rapidly metabolized than in the control (Fig. 2(A) ). The metabolites DM, OH, DMOH, COOH and UK were detected in the plants. The nonphytotoxic metabolites OH, DMOH and COOH were produced to larger extents in T1977 and S1965 than in the control.
On metabolism of [14C] AT, the amount of AT remained in the plants was 3. 0, 0. 7 and 1. 0 nmol/plant/ 8days after treatment of the control, T l977 and S1965, respectively (Fig. 2(B) ). The non-phytotoxic metabolite DIDE was produced to a 6 times higher extent in T l977 and to a 5 times higher extent in S1965 as compared with the control.
[14C] PC applied was extracted from both plants ( 2 (C)) and nutrient solutions ( Fig. 2 (D) ). The parent compound was hardly detected in T1977, although PC was metabolized to a level of 2. 6 nmol/plant/8days in the control. The metabolite BP was detected in T l977 and the other transformants, but it was hardly found in the control. On the other hand, UK3 was accumulated in the medium of the control, S1965, S1972 and S l974.
In both plants and nutrient solutions, the large amounts of UK2 and UK5 were detected at the origin of TLC in T 1977, respectively. The amount of [14C] MXC remained in the transgenic plants was smaller than the control (Fig. 3 (A) ). Especially, it was hardly found in T l977. In contrast, the amount of UKI in each of the transgenic plants increased. MXC and its metabolites were found to be less accumulated in medium than the plants (Fig. 3 (B) ). The UK 1 treated with f3-glucosidase released MDM and DDM, indicating that MDM and DDM were intermediates and rapidly conjugated with glucose in the transgenic potato plants (data not shown).
From these results, in the transgenic potato plants T1977. the co-expressing human CYP 1 A 1, CYP2B6 and CYP2C 19 were found to coordinately function and actively metabolize the herbicides and the insecticides.
DISCUSSION
A variety of herbicides and other chemicals with different structures and modes of action was subjected to metabolism in 11 human P450 species. It was found that 27 herbicides and 6 other chemicals were metabolized in 11 human P450 species. The major P450 species metabolizing these chemicals were CYP 1 A 1, CYP 1 A2, CYP2B6, CYP2C9, CYP2C 18, CYP2C 19, CYP2D6 and CYP3A4, which catalyzed mostly 0-and Ndealkylation and ring-hydroxylation. Based on these metabolism data, three P450 species were selected and were expressed in potato plants for enhancement of herbicide metabolism as well as for phytoremediation. It was reported that the transgenic potato and tobacco plants expressing rat and human P450 species showed enhanced herbicide metabolism and resistance. l3- 15, 46) In the previous report, the transgenic potato plant T1977 The fact that T l977 metabolized a large amount of AT to produce DIDE during 8 days as compared with S 1965 expressing CYP 1 A 1 suggested that CYP 1 A 1 seemed to simultaneously work with CYP2C 19 toward AT as described in the metabolism of CT. A less amount of AT remained in T1977 seemed to be related to the highest tolerance to AT.
PC was completely metabolized in T l977 and was converted to the intermediate metabolite BP. Rapid decrease of PC in T1977 seemed to result in high tolerance toward PC. The metabolites UK2 and UK5 at the origin of the TLC plate were found in plants and medium, respectively. They may be conjugated with sugar similarly in rice plants. 48 ) The accumulation of UK3 in the control, 51965, 51972 and 51974 seemed to be related to the function of endogenous enzymes to metabolize PC to UK3 in potato plants. Then, P450 species expressed in T l977 may metabolize UK3 to other metabolites because of its rapid decrease in T1977. In this study DMPC, which was a metabolite in rat, 49) was found in all plants tested. Especially 51965, 51972 and 51974 accumulated DMPC more than the control. These results suggested that CYP2C 19 and/or other endogenous metabolic enzymes metabolized PC to DMPC, although DMPC was metabolized only in CYP2C 19 in vitro but not in CYP 1 A 1 and CYP2B6. A less amount of DMPC in T1977 seemed to be due to further metabolism of DMPC such as glucose conjugation. Production of the metabolites BPOH and UK4 also seemed to be P450-dependent.
An oral dose of PC to rat produced BP as a major metabolite in the liver. 49) On the other hand, in the rice plant tolerant to PC, it was mainly metabolized through conjugation of BP with glucose, glucose-xylose and glyoxalylglucose. 48> Thus, it is supposed that BP produced by CYP2C19 and some unknown metabolites were further conjugated with sugar by endogenous enzymes. It is expected that UK2 and UKS at the origin of TLC plates were conjugates with sugars because of a two times larger extent of these metabolites in T l977 than in the control. Proposed metabolic pathways for PC are shown in Fig. 4 .
The insecticide MXC was found to be metabolized through 0-demethylation mainly by CYP 1 A2, CYP2C9, CYP2C 18 and CYP2C 19 in the present study. Stresser et al. reported that CYP 1 A2, CYP2C 18 and CYP2C 19 were more active than the other P450 species in the mono-demethylation. 50) Although the insecticidal activity of MXC was decreased by 0-demethylation, demethylation of MXC increased the activity as an environmental endocrine disruptor. 51, 52> The [14C] MXC metabolism also indicated that T l977 efficiently metabolized MXC probably due to the enhancement of metabolic activity by cooperation of CYP 1 A 1, CYP2B6 and CYP2C 19 as described in [14C] PC metabolism. Hydrolysis of the metabolite UK 1 with f-glucosidase indicated that MXC metabolized to MDM and DDM were conjugated with glucose in the transgenic potato plants. Proposed metabolic pathways for MXC are shown in Fig. 5 .
The present study on metabolism of the herbicides and other chemicals revealed that three P450 species selected on the basis of in vitro metabolism were simultaneously expressed in T l977 and functioned cooperatively to metabolize a variety of chemicals. These results were well reflected in the herbicide tolerance of the transgenic potato plants. ') Remarkable characteristics of these transgenic plants expressing human P450 species are useful not only for breeding of herbicide-tolerant crops, but also for phytor- emediation of pesticide residues. 53 The herbicides AT, SZ, AL and trifluralin, the insecticides CR and MXC and the industrial chemicals NP and nNP were suspected to be environmental endocrine disruptors. The plants expressing P450 species metabolizing these compounds may be useful for phytoremediation of these environmental contaminants in soil as well as in ground and surface water. 
